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ABSTRACT
I use distance- and mass-limited subsamples of the Spitzer Survey of Stellar Struc-
ture in Galaxies (S4G) to investigate how the presence of bars in spiral galaxies depends
on mass, colour, and gas content and whether large, SDSS-based investigations of bar
frequencies agree with local data. Bar frequency reaches a maximum of fbar ≈ 0.70 at
M? ∼ 109.7M, declining to both lower and higher masses. It is roughly constant over a
wide range of colours (g−r ≈ 0.1–0.8) and atomic gas fractions (log(MHi/M?) ≈ −2.5
to 1). Bars are thus as common in blue, gas-rich galaxies are they are in red, gas-
poor galaxies. This is in sharp contrast to many SDSS-based studies of z ∼ 0.01–0.1
galaxies, which report fbar increasing strongly to higher masses (from M? ∼ 1010 to
1011M), redder colours, and lower gas fractions. The contradiction can be explained
if SDSS-based studies preferentially miss bars in, and underestimate the bar fraction
for, lower-mass (bluer, gas-rich) galaxies due to poor spatial resolution and the corre-
lation between bar size and stellar mass. Simulations of SDSS-style observations using
the S4G galaxies as a parent sample, and assuming that bars below a threshold angu-
lar size of twice the PSF FWHM cannot be identified, successfully reproduce typical
SDSS fbar trends for stellar mass and gas mass ratio. Similar considerations may affect
high-redshift studies, especially if bars grow in length over cosmic time; simulations
suggest that high-redshift bar fractions may thus be systematically underestimated.
Key words: galaxies: structure – galaxies: elliptical and lenticular, cD – galaxies:
bulges – galaxies: spiral
1 INTRODUCTION
Stellar bars are an important – and often visually striking
– component of many disc galaxies. They are believed to be
key drivers of secular evolution, in part because they can
act as both sources and sinks for angular momentum, re-
distributing stars, gas, and dark matter within galaxies (
e.g., Athanassoula 2002, 2003; Weinberg & Katz 2002; Ko-
rmendy & Kennicutt 2004; Holley-Bockelmann et al. 2005;
Debattista et al. 2006; Sellwood 2014). Perhaps the most vis-
ible aspect of this is bar-driven gas inflow and subsequent
star formation in the central regions of galaxies, which has
been suggested to play a key role in building up bulges and
pseudobulges. Bar-driven gas inflow has also long been im-
plicated in the fuelling of AGN (although confirmation of
this last idea has proved somewhat elusive; e.g., Shlosman
? E-mail: erwin@mpe.mpg.de
et al. 1989, 1990; Ho et al. 1997; Laine et al. 2002; Lee et al.
2012b; Cheung et al. 2015; Goulding et al. 2017).
In addition to their direct effects on their host galax-
ies, the mere presence or absence of bars can provide im-
portant insights into galactic evolution. The discovery from
early simulations that N -body discs routinely become bar-
unstable raised the question of why some disc galaxies did
not have bars. The demonstration that massive halos could
stabilize discs against bar formation (e.g., Ostriker & Pee-
bles 1973; Hohl 1976) was one reason for the growing accep-
tance of dark-matter halos in the 1970s, and bar-instability
criteria, especially based on Efstathiou et al. (1982), have
played a major role in semi-analytic models of galaxy evolu-
tion (e.g., Mo et al. 1998). Ironically, subsequent numer-
ical experiments with live dark-matter halos have shown
that halos can actually amplify bar growth, since halo par-
ticles can absorb angular momentum from bar instabilities
and help them grow (e.g., Athanassoula 2002; Athanassoula
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2008; Saha et al. 2013; Sellwood 2016). Nevertheless, the
fact that instabilities in sufficiently cool discs readily give
rise to bars means that the appearance of bars in galaxies at
high redshifts can be a useful – and easily visible – indicator
of when and how rapidly galaxy discs become kinematically
cool (e.g., Sheth et al. 2012).
Bars are thus important both for how they can reshape
galaxies and as general diagnostics for the evolution of discs.
But in order to have a clear understanding of how important
bars really are for galaxy evolution in general, we need to
know what fraction of discs really do (or do not) have bars.
Ideally, we also want to know what kinds of discs are more
(or less) likely to host bars.
In the local universe (roughly, closer than ∼ 50 Mpc),
the fraction of disc galaxies with stellar bars has been re-
ported to be roughly 2/3 (or 1/3 if only so-called “strong”
bars are counted). A nice overview of past studies can be
found in the Introduction of Sheth et al. (2008); they write,
“We conclude that the consensus value of the local barred
fraction is fbar ∼ 0.3 for strongly barred systems, and
fbar ∼ 0.65 for all barred galaxies, and that these values
are so well known that they have not changed significantly
in over four decades.”
The advent of multi-band imaging (and accompanying
spectroscopy) from the Sloan Digital Sky Survey (SDSS;
York et al. 2000) has opened up impressively large new fields
of analysis for the moderately nearby universe (i.e., beyond
∼ 50 Mpc and out to z ∼ 0.1). Studies using increasingly
large numbers of galaxies have looked at the question of how
common bars are, beginning with Barazza et al. (2008) and
Aguerri et al. (2009), who analyzed samples of 1144 and 3060
low-inclination discs, respectively, and then Nair & Abra-
ham (2010a,b), using approximately 7700 galaxies (out of a
larger sample of 14,700 galaxies). The largest samples have
come from successors to the Galaxy Zoo project (Lintott
et al. 2008), in particular Galaxy Zoo 2 (hereafter GZ2 Wil-
lett et al. 2013), with samples of between 13,000 and 15,000
low-inclination discs and bar classifications via an innovative
citizen-science approach (e.g., Masters et al. 2011; Skibba
et al. 2012; Cheung et al. 2013). These studies have gener-
ally found rather low bar fractions: most often ∼ 25–30%,
though values as high as ∼ 50% have come from some sur-
veys (e.g., Barazza et al. 2008; Aguerri et al. 2009; Yoshino
& Yamauchi 2015). Several of the SDSS-based studies have
cautioned that their results are perhaps applicable primarily
to “strong” bars, however those might be defined. The fact
that the local strong-bar (SB) frequency is ∼ 30% makes
this an appealing argument, since it more or less matches
the most common SDSS-based bar frequencies.
Many of these studies have also investigated what kinds
of disc galaxies are more – or less – likely to host bars. This
has yielded some rather striking results: bars are apparently
much more common in red, massive, and gas-poor galax-
ies than they are in blue, low-mass, and gas-rich galaxies
(e.g., Masters et al. 2011, 2012; Skibba et al. 2012; Oh et al.
2012; Lee et al. 2012a; Cheung et al. 2013; Gavazzi et al.
2015; Consolandi 2016; Cervantes Sodi 2017). Only a few
SDSS-based studies have found different – or more complex
– trends (e.g., Barazza et al. 2008; Nair & Abraham 2010b;
Me´ndez-Abreu et al. 2012).
Studies using HST imaging (e.g., Abraham et al. 1999;
Sheth et al. 2003; Jogee et al. 2004; Elmegreen et al. 2004;
Sheth et al. 2008; Cameron et al. 2010; Sheth et al. 2012;
Melvin et al. 2014; Simmons et al. 2014) have looked at how
common bars are at higher redshifts (mostly z ∼ 0.4–1.0), to
see if we can observe evolution in the bar fraction. Various
methodologies for bar detection have been used, including
a version of the GZ2 citizen-science approach (Melvin et al.
2014; Simmons et al. 2014). Most of these studies have re-
ported a clear decrease in the bar fraction toward higher red-
shifts. At least some have found evidence that at any given
redshift there are more bars in higher-mass galaxies than in
lower-mass galaxies, and also that the bar fraction reaches
present-day levels first for higher-mass samples (Sheth et al.
2008; Melvin et al. 2014). This seems consistent with the
strong mass-dependence of bar frequency seen in the SDSS
studies, as if the bar fraction saturated for high-mass galax-
ies some time ago, and is still low (and increasing?) for lower-
mass galaxies.
The Spitzer Survey of Stellar Structure in Galaxies
(S4G; Sheth et al. 2010) has made available high-S/N near-
IR images for over 2000 local galaxies. Approximately 1300
of these are disc galaxies with inclinations low enough for
reliable detection and analysis of bars. Dı´az-Garc´ıa et al.
(2016a,b) have recently presented a detailed analysis of bars
identified by Buta et al. (2015) and measured by Herrera-
Endoqui et al. (2015). Overall, the local bar fraction is ap-
parently still in the 60–70% range; Buta et al. (2015) report
a bar fraction of “about 2/3”. The upper panel of Fig. 19
in Dı´az-Garc´ıa et al. (2016a) shows how bar frequency in
the entire face-on sample depends on stellar mass: there is
a general increase in fbar from the lowest stellar masses to
a broad peak or plateau with fbar ∼ 0.6, extending from
log (M?/M) ∼ 9.2–10.6, with a weak maximum at ∼ 9.7.
This disagrees with most of the SDSS-based studies. In par-
ticular, the strong increase in fbar from log (M?/M) ∼ 10
to 11 seen for most large SDSS samples (Nair & Abraham
2010b; Masters et al. 2012; Oh et al. 2012; Skibba et al. 2012;
Melvin et al. 2014) is not seen in the local sample, nor is the
strong increase in fbar to lower stellar masses reported by
Nair & Abraham (2010b).
We have, therefore, several related puzzles. Can we re-
solve the apparent dichotomy in overall bar frequency be-
tween local samples (fbar ∼ 0.65) and larger, more distant
SDSS-based samples (fbar ∼ 0.25–0.5)? Is the difference just
due to the the SDSS studies only detecting strong bars? Do
the apparently strong correlations between bar frequency
and stellar mass, colours, and gas richness seen in the SDSS
studies also exist for local galaxies? If not, why not? And
what, if anything, does this imply for studies of bars at high
redshifts?
In this paper, I investigate these questions by seeing
whether S4G galaxies – restricted to volume- and mass-
limited subsamples and with added data from the literature
(Section 2) – show the same bar-frequency trends with stellar
mass, colour, and gas richness that the large SDSS samples
do. Since the answer to this question turns out to be a rather
strong“No”(Section 3), I focus on whether the disagreement
could be due to problems of spatial resolution, given that the
average galaxy in an SDSS-based survey is almost ten times
further away than the average S4G galaxy. This requires
taking a closer look at bar sizes, which prove (as previously
noted by Dı´az-Garc´ıa et al. 2016a) to have a strong depen-
dence on stellar mass (Section 4). I then argue that a depen-
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dence of bar size on stellar mass can straightforwardly trans-
late into a mass-dependent, differential bar-detection bias,
and that the combination of the actual sizes of bars and the
typical resolution of SDSS images make this potential bias
a very real possibility, one which could explain the typical
dependence of bar frequency on stellar mass seen in SDSS-
based studies. Since colour and gas richness (and certain
other properties such as specific star-formation rate) have
strong correlations with stellar mass, this can also explain,
at least partly, the reported dependence of bar frequency on
colour, gas mass ratio, and star-formation rates. By treat-
ing the S4G galaxies as parent sample and generating boot-
strapped mock samples of galaxies observed at typical SDSS
distances, I show (Section 5) that the reported SDSS-based
bar-fraction trends for stellar mass and gas mass ratio can
be qualitatively – and least partly quantitatively – generated
just by assuming that bars with projected angular sizes less
than twice the FWHM of the PSF go undetected. I consider
some additional issues – in particular, the implications for
high-redshift studies of bar frequencies – in Section 6.
Where necessary, I assume a standard ΛCDM cosmol-
ogy based on Bennett et al. (2013), with H0 = 70 km s
−1
Mpc−1, Ωm = 0.29, and ΩΛ = 0.71.
To aid in reproducibility, there is a Github repository
containing data files, code, and Jupyter notebooks for cre-
ating the figures, fits, and simulations used in this paper.
The repository is available at https://github.com/perwin/
s4g_barfractions and also at https://doi.org/10.5281/
zenodo.804909.
2 DATA AND SAMPLE DEFINITIONS FOR
LOCAL GALAXIES
2.1 Parent Sample and Data Sources
The best local sample for assessing bar frequencies and cor-
relations is undoubtedly the Spitzer Survey of Stellar Struc-
ture in Galaxies (S4G; Sheth et al. 2010), both because of its
size and because of its use of near-infrared imaging, which
minimizes the possibility of missing bars due to the confusion
introduced by dust extinction and star formation. The entire
sample has been subjected to a consistent classical morpho-
logical analysis – including bar classifications – by Buta et al.
(2015), with extensive quantitative bar measurements and
analyses by Herrera-Endoqui et al. (2015) and Dı´az-Garc´ıa
et al. (2016a,b). It does suffer from being a magnitude- and
diameter-limited sample (e.g., Figure 1), which prevents it
from being fully volume-limited; however, the relatively faint
magnitude limit (B 6 15.5) ensures that reasonable volume-
and mass-limited subsamples can still be derived from it; the
details of this are discussed in Section 2.2.
I start with the S4G subsample of non-edge-on disc
galaxies defined by Dı´az-Garc´ıa et al. (2016a). This takes the
version of S4G classified by Buta et al. (2015) and then elim-
inates elliptical galaxies and disc galaxies with inclinations
> 65◦, leaving a total of 1344 galaxies. Distances and stellar
masses for these galaxies are taken from Mun˜oz-Mateos et al.
(2015). The distances are based on redshift-independent
NED distances for 79% of the total sample, and on Hubble-
flow distances for the rest (assuming H0 = 71). Ten galaxies
missing distances and stellar masses in Mun˜oz-Mateos et al.
(2015) were then removed, along with twelve more which
had very uncertain distances (i.e., redshifts < 500 km s−1
and no alternate distance measurements) or optical diame-
ters smaller than the original S4G limit (D25 = 1.0
′), leaving
a total of 1322 galaxies. This is the Parent Disc Sample.
The S4G sample as studied in the literature suffers from
incompleteness in terms of Hubble types, stemming from
the fact that it was defined to have a redshift limit of 3000
km s−1 using radio radial velocities. Galaxies without such
velocities were thus excluded, even if they had optical radial
velocities that would put them in the sample. This limita-
tion creates a morphological bias: gas-poor early-type galax-
ies, including both ellipticals and S0s, are much more likely
to be missing than are spiral galaxies.1 Using the Febru-
ary 2017 version of HyperLeda and the basic S4G sample
definition of Sheth et al. (2010), there are 167 S0 galaxies
with Vradio < 3000 km s
−1 (156 of which are in the com-
plete S4G sample2) and 315 without Vradio values but with
Voptical < 3000 km s
−1; this contrasts with 2350 spirals and
irregulars with Vradio < 3000 km s
−1 and only 273 without
Vradio values. So there is an incompleteness of ≈ 67% for S0
galaxies versus only 10% for later types. (Further Spitzer ob-
servations to fill in the missing ellipticals and S0s have been
obtained by the S4G team – e.g., Sheth et al. 2013, Knapen
et al. 2014 – but the corresponding morphological analyses
and measurements are not yet available, so I confine myself
to the original, spiral-dominated sample.)
Since there is some evidence for differences in bars in
S0s versus bars in spirals, both in terms of frequencies and
also in terms of bar strengths (e.g., Aguerri et al. 2009; Buta
et al. 2010; Dı´az-Garc´ıa et al. 2016a), it makes sense to sep-
arate the highly incomplete S0 subsample from the mostly
complete spirals. Consequently, I exclude S0 galaxies from
the main samples for analysis in this paper, by retaining only
galaxies with optical Hubble type T > −0.5. The result is
the Parent Spiral Sample, with 1220 galaxies (note that this
name is slightly misleading, since the sample includes ∼ 150
irregular galaxies).
Whether a galaxy is considered barred or not comes
from Table 2 of Herrera-Endoqui et al. (2015): if a bar and its
accompanying measurements are among the features listed
for that galaxy, then it is deemed to be barred. This is in turn
based on the visual bar classifications of Buta et al. (2015),
except that 117 of the latter galaxies with barred classifica-
tions do not have barred measurements in Herrera-Endoqui
et al. 2015; these are primarily galaxies with the very weakest
Buta et al. 2015 subclassification (S AB). Since considera-
tions of bar size turns out to be important for understanding
reported bar frequencies, I stick with the measurements of
Herrera-Endoqui et al. 2015 and treat the “missing” Buta
et al. 2015 barred galaxies as unbarred; the bar frequencies
I report for S4G subsamples may thus be slight underesti-
mates.
As a simple measure of bar “strength” I use the basic
subclassifications of bars into strong (SB) and weak (SAB)
1 Buta et al. (2015) noted that improved observing efficiency had
allowed the addition of 21 gas-poor galaxies to the original sample.
2 The missing 11 S0s are presumably galaxies whose radio ve-
locities were added to the HyperLeda database after the original
S4G definition in late 2007; see Sheth et al. (2010).
MNRAS 000, 1–21 (2018)
4 P. Erwin
categories as listed by Buta et al. (2015). Measurements of
bar sizes are taken from Herrera-Endoqui et al. (2015). The
latter authors provided both “visual” (avis) and maximum-
ellipticity-based (a) measurements of bar lengths (semi-
major axes). Dı´az-Garc´ıa et al. (2016a) showed that these
measurements are generally consistent with each other (e.g.,
their Fig. 9), with a on average marginally smaller than
avis. Since maximum-ellipticity lengths are not available for
∼ 22% of the bars (usually cases where low S/N and/or
strong star formation made ellipse fits unreliable), I use the
avis values. To compute deprojected sizes, I use bar position
angles from Herrera-Endoqui et al. (2015) and disc orienta-
tions from Salo et al. (2015).
For galaxy colours, I take (B−V )tc values from Hyper-
Leda; these are whole-galaxy colours, corrected for Galactic
and internal extinction. These are then converted into g−r
colours, since that is the most common colour used by pub-
lished SDSS studies of bar fractions. The colour conversion
– and incompleteness corrections necessitated by the fact
that about half the galaxies do not have (B−V )tc colours in
HyperLeda – are discussed in more detail in Appendix A.
Finally, I also take H i fluxes from HyperLeda in order to
determine H i masses and the gas mass ratio fgas = MHi/M?.
The H i mass is calculated from the HyperLeda m21,c values
using the standard relation of Giovanelli & Haynes (1988):
MHi = 2.356× 105D2100.4(17.40−m21,c), (1)
where D is the distance in Mpc and m21,c is the corrected
H i magnitude from HyperLeda. In order to compare bar
frequencies as a function of gas mass ratio with the results
of Masters et al. (2012), I define fgas as the ratio of atomic
hydrogen to stellar mass, without any corrections for the
presence of helium or metals. HyperLeda m21,c values exist
for approximately 97% of the S4G galaxies in the Parent Disc
Sample (1290 out of 1334 galaxies), so incompleteness is not
a meaningful issue. The distributions of g−r and fgas values
as a function of stellar mass in the Parent Spiral Sample are
shown in Figure 2.
2.2 Correcting for Incompleteness: Volume and
Mass Limits and Final Sample Definitions
The original S4G sample is magnitude- and diameter-limited
(Sheth et al. 2010). The magnitude limit (Btc 6 15.5) means
that as one moves out in distance, low-luminosity – and thus
low-mass – objects drop out of the sample before higher-
luminosity (higher-mass) objects do. This is demonstrated
in Figure 1, which plots stellar mass against distance for
each galaxy in the Parent Disc Sample. Distance and stellar-
mass limits are therefore needed in order to define complete,
volume-limited subsamples.
There is an additional reason to apply a more stringent
distance limit than the ∼ 40 Mpc cutoff implicit in the origi-
nal S4G sample (defined via a redshift limit of 3000 km s−1):
bars are harder to identify in more distant galaxies. Figure 3
shows observed bar sizes in the Parent Disc Sample, along
with lines indicating possible resolution limits as multiples of
the S4G PSF (assuming FWHM ≈ 2′′; Salo et al. 2015). As
previously shown by Mene´ndez-Delmestre et al. (2007) for a
study of bars in local galaxies using 2MASS images, physi-
cally smaller bars are less likely to be detected at larger dis-
tances, because their smaller angular size – combined with
Table 1. S4G-based Samples
Name Dmax Minimum M? N
(Mpc) (log (M?/M))
Parent Disc Sample — — 1322
Parent Spiral Sample — — 1220
Sample 1 25 — 659
Sample 1m 25 8.5 574
Sample 2 30 — 851
Sample 2m 30 9 638
Definitions and galaxy counts for different subsamples of S4G
galaxies used in this paper. Columns: (1) Subsample name. (2)
Distance upper limit. (3) Lower limit on stellar mass. (4) Number
of galaxies in subsample.
the isophotal-rounding effects of PSF convolution – makes
them harder to discern.
Figure 3 suggests that the (visual) bar-detection crite-
ria used by Buta et al. (2015) for the S4G sample may start
to miss smaller bars for distances & 25–30 Mpc. Accord-
ingly, I adopt two sets of mass- and distance-limited sub-
samples. For plots and analyses of bar frequency and size as
a function of stellar mass – where the potential incomplete-
ness at the low-mass ends can be visually excluded by the
reader – I use distance-limited samples: “Sample 1” assumes
a limit of 25 Mpc, while “Sample 2” uses 30 Mpc. I also con-
struct mass-limited subsamples: Sample 1m is Sample 1 with
the addition of a stellar-mass limit of log (M?/M) > 8.5;
Sample 2m is Sample 2 with a higher stellar-mass cutoff of
log (M?/M) > 9. These different subsamples are summa-
rized in Table 1, along with the number of galaxies in each.
The sample definitions are also indicated by the solid (Sam-
ples 1 and 1m) and dashed (Samples 2 and 2m) lines in
Figure 1. Figure 4 shows histograms of stellar mass for the
Parent Spiral Sample, Sample 1, and Sample 2.
Finally, the diameter limit used to define the original
S4G sample (D25 > 1.0′) means that there is a distance-
based bias against more compact galaxies even after mass
limits are applied. The right-hand panel of Figure 1 shows
R25 in kpc versus galaxy distance for the Parent Spiral Sam-
ple. Because this diameter-limit effect is so stark and clean,
it makes sense to correct for it using V/Vmax weighting. I
compute the weights w for each galaxy as
w = Vtot/Vmax if Vmax < Vtot, (2)
= 1 otherwise, (3)
where Vtot is the total volume out to the distance limit Dlim
(e.g., Dlim = 25 Mpc for Sample 1) and Vmax is the vol-
ume enclosed by Dmax, the maximum distance at which the
galaxy could still have exceeded the survey’s diameter limit.
Dmax depends on the galaxy’s R25 in kpc and thus on the
observed R25 angular size and the galaxy’s actual distance
d; the weights can thus be expressed as
w = (D3max R25,lim)/(d
3 R25) if Dmax < Dlim, (4)
= 1 otherwise, (5)
where R25,lim = 30
′′.
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Figure 1. Effects of magnitude and angular-size limits on stellar mass and absolute disc size for the S4G galaxies in the Parent Disc
Sample, based on the low-inclination S4G disc sample of Dı´az-Garc´ıa et al. (2016a). (Five galaxies with D > 60 Mpc are not shown.)
Left: Stellar mass versus distance. Hollow points are unbarred galaxies, filled points are barred. Lines show distance and stellar-mass cuts
used to define the main volume-limited subsamples for this paper (see Table 1). Right: B-band optical disc radius R25 versus distance
(spiral galaxies only). Cyan diamonds indicate galaxies with stellar masses log (M?/M) > 9.
Figure 2. Galaxy g−r colours (left) and gas mass fraction fgas (right) for S4G spiral galaxies. Galaxies with distances 6 25 Mpc are
plotted with filled black circles; galaxies with distances between 25 and 30 Mpc are plotted with filled magenta diamonds, while galaxies
at larger distances (not analyzed in this paper) are plotted with open squares.
3 BAR FRACTIONS FOR LOCAL GALAXIES
The bar fractions for S4G galaxies from Samples 1 or 1m
are shown in Figure 5, first for for all bars (red circles, left
panels) and then for for strong and weak bars considered sep-
arately (black and cyan circles, right panels). I show these
fractions as a function of three galaxy parameters: stellar
mass (top panels), g− r colour (middle panels), and gas
mass ratio fgas (bottom panels). The error bars attached
to each bar fraction account for the V/Vmax weights (and
Btc-based weights for the g− r plots) using the approach
of Wilman & Erwin (2012): all weighted counts in a given
bin were rescaled so that the total was equal to the original
unweighted total counts for that bin, and these were then
used to estimate the Wilson (1927) 68% confidence limits.
Additional bar-fraction estimates from a subset of different
SDSS-based studies are shown in the left-hand panels; see
below for the specific studies.
3.1 Bar Fraction and Galaxy Stellar Mass
The upper left panel of Figure 5 shows how the bar frac-
tion fbar in S
4G galaxies varies with stellar mass. There is a
steep increase from very low stellar masses, reaching a max-
imum of fbar = 0.76 at log (M?/M) ∼ 9.8, and then a
similarly steep decline to higher masses. Although Sample 1
is incomplete for log (M?/M) . 8.5, this is a volume effect
and should not affect the detectability of bars in lower-mass
galaxies; it only reduces the total number of galaxies and
MNRAS 000, 1–21 (2018)
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Figure 3. Observed bar sizes (semi-major axes) in Parent
Disc Sample (i.e., including S0 galaxies) versus galaxy distance.
Dashed lines show possible resolution limits in multiples of the
S4G PSF’s FWHM (≈ 2′′). Cyan diamonds are galaxies with
log (M?/M) > 9.
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Figure 4. Histograms of stellar mass for different distance-
limited subsamples of the S4G Parent Spiral Sample.
makes the bar fraction more uncertain. Thus, the steep de-
cline in fbar seen for log (M?/M) . 8.5 is probably real.
This pattern is very similar to the “visual” fbar trend
in Dı´az-Garc´ıa et al. (2016a, their Fig. 19; see also Ap-
pendix B), since both are based on the Buta et al. (2015) bar
classifications for S4G. The main difference is their shallower
slope for higher masses (log (M?/M) & 10) and the exis-
tence of a secondary peak in fbar at log (M?/M) ∼ 10.5.
These differences are (necessarily) due to the fact that Sam-
ple 1 is a distance-limited subset of the Parent Disc Sam-
ple, and the fact that it excludes S0 galaxies. For exam-
ple, adding the S0s to Sample 1 produces a flatter trend
of fbar versus log (M?/M) for higher stellar masses (see
Appendix B2).
In an attempt to parameterize the trend – and to avoid
dependencies on the binning used for the figure – I also
plot the results of a polynomial logistic regression applied
to Sample 1 (dashed red line). Logistic regression involves
modeling the presence or absence of a feature (in this case,
bars) using a function which represents the binomial prob-
ability of that feature. It has the advantage of using all the
data directly rather than relying on the details of a binning
scheme. A generalized polynomial version (of order n) is
fbar(x) =
1
1 + e−(α+
∑n
i=1 βix
i)
, (6)
where x is the independent variable (e.g., log (M?/M)).
Although logistic regression typically involves a linear func-
tion of x, leading to a probability that either monotoni-
cally increases or decreases in a sigmoid fashion, the behav-
ior of fbar is clearly not monotonic, so a quadratic func-
tion (n = 2) is probably better. The result (with best-
fit coefficients α = −82.2 ± 22.1, β1 = 17.1 ± 4.62, and
β2 = −0.88±0.24) is plotted as a dashed red line in Figure 5;
the peak in fbar is≈ 0.70 at log (M?/M) ≈ 9.7. (The fitting
was done to data from Sample 1 from log (M?/M) = 8–12
with V/Vmax-based weights, using the R Survey package.
3)
Also shown in the upper left panel of Figure 5 are the
reported trends for GZ2 from Masters et al. (2012) and (for
a larger sample) from Melvin et al. (2014). Both of these
studies suggest a very low fbar for log (M?/M) . 10 and a
steep increase in fbar for higher stellar masses, with a max-
imum at log (M?/M) ∼ 10.8. A similar trend can be seen
in the non-GZ2 SDSS-based results of Gavazzi et al. 2015.
This clearly does not agree with the S4G values; indeed, for
log (M?/M) ∼ 10–11, the S4G and SDSS-based bar fre-
quencies show the opposite behavior. The more complicated
dependence seen by Nair & Abraham (2010b) is not appar-
ent in the S4G data, either.
There is rather good agreement with the results of
Barazza et al. (2008, blue diamonds),4 and fairly good agree-
ment with Me´ndez-Abreu et al. (2012, not shown), especially
with the latter’s “Field” subsample, where fbar peaks at
log (M?/M) ∼ 9.5; fbar for their “Virgo” subsample peaks
at log (M?/M) ∼ 10.1. Since the Virgo subsample is at dis-
tances < 20 Mpc, and since most of the field subsample was
defined with redshifts between 2500 and 3000 km s−1, the
spatial resolution of the SDSS images they use is generally
similar to that of the S4G sample.
The upper right panel of Figure 5 shows the bar fraction
separately for strong (SB) and weak (SAB) bars. The SAB
fraction is almost constant for log (M?/M) ∼ 8.5–10.7, de-
clining slightly to both lower and higher masses. Strong bars
show a more dramatic version of the global bar trend: fbar
increases from ∼ 0 at the lowest stellar masses to a rather
sharp peak at log (M?/M) ≈ 9.8, and then falls off steeply
3 http://r-survey.r-forge.r-project.org/survey/index.
html
4 For the Barazza et al. (2008) results here and in the left middle
panel, I use their per-bin total-galaxy counts to estimate proper
binomial uncertainties; this is generally not possible for the other
SDSS-based studies.
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to higher masses. This suggests that the clear dependence
of fbar on stellar mass is driven primarily by strong bars.
3.2 Bar Fraction and Galaxy Colour
The middle panels of Figure 5 shows the fraction of S4G
galaxies in Sample 1m with bars, as a function of g−r colour,5
for all bar types (left panel) and separately for strong and
weak bars (right panel). The overall relation is fairly flat,
although it is possible to make out a weak trend of fbar
declining to redder colours. The dashed red line shows a
standard (linear) logistic regression to the underlying data;
it indicates a declining bar fraction to redder colours, though
the nonzero slope is not statistically significant. Figure A2
(in Appendix A2) shows almost identical behavior when B−
V colour is used instead of g−r.
I also plot the published GZ2 trends from Masters et al.
(2011) and Masters et al. (2012) and the non-GZ2 trend
from Lee et al. (2012a) in the middle left panel (grey sym-
bols). These disagree strongly with the S4G trend, partic-
ularly given the steep rise in GZ2 fbar to redder colours
(g−r ∼ 0.5–0.75).
The trend of fbar versus colour from Nair & Abraham
(2010b, cyan stars) is similar to the GZ2 trend for interme-
diate colours (g−r ∼ 0.3–0.65), but diverges for the reddest
colours. It, too, agrees poorly with the S4G trend.
In contrast to the other SDSS-based studies, the
Barazza et al. (2008) trend (blue diamonds) shows extremely
good agreement with the S4G results, including the slight
decrease in fbar to redder colours.
The separate trends for strong and weak bars (right-
hand middle panel) are, within the uncertainties, indistin-
guishable and roughly constant.
3.3 Bar Fraction and Atomic Gas Fraction
In the lower left panel of Figure 5 I plot fbar as a func-
tion of the atomic gas mass ratio fgas. The S
4G bar frac-
tion is basically constant, apart from a weak minimum at
log fgas ∼ −1.3. The dashed red line shows a standard (lin-
ear) logistic regression to the underlying data; the slope is
not statistically significant, so there is no evidence for a
change in fbar with log fgas.
Plotted in the same panel is the GZ2 trend reported
by Masters et al. (2012), which shows fairly strong disagree-
ment: the GZ2 fbar value drops steeply for log fgas between
−1.0 and 0, while for S4G galaxies fbar reaches a (weak) lo-
cal maximum within the same range, and shows no sign of a
systematic decline. Also shown are the reported log fgas val-
ues from the SDSS-based study of Cervantes Sodi (2017),6
which show a pattern very similar to the GZ2 one.
The lower right panel of Figure 5 shows how the fre-
quencies of strong and weak bars behave as function of gas
mass ratio. For values of log fgas between −2 and 0.5 (fgas
between ∼ 0.01 and 0.3), the fractions of both strong and
weak bars are essentially identical – and constant. This may
5 Corrected for colour incompleteness as described in Section A1.
6 These have had 0.146 dex subtracted to account for the fact
that Cervantes Sodi scaled the H i gas masses by a factor of 1.4
in order to include helium.
also be true for very low gas fractions, though the small
numbers make the fractions uncertain. Only for very high
gas fractions (fgas & 1) is there a noticeable difference: the
fraction of weak bars increases, while the fraction of strong
bars goes down.
It is important to note here that the SDSS-based stud-
ies are not directly comparable in terms of sample defini-
tion. Specifically, the sample of Masters et al. (2012) was
defined using H i detections from the α40 release of Arecibo
Legacy Fast ALFA (ALFALFA) survey (Giovanelli et al.
2005; Haynes et al. 2011). Only 51% of the GZ2 galax-
ies observed as part of ALFALFA were detected in H i;
the resulting gas mass fractions are relatively high (median
fgas = 0.39 for their barred galaxies and 0.74 for the more
numerous unbarred galaxies). This contrasts strongly with
the ∼ 97% H i detection rate for the S4G sample; the median
value of fgas for the S
4G galaxies is 0.25. (If we match the
GZ2 sample more closely by only considering S4G galaxies
with log (M?/M) > 9, then the S4G median is even lower:
fgas = 0.19.) Similar considerations undoubtedly apply to
the fbar versus fgas analysis of Cervantes Sodi (2017), since
that study used an expanded version of the same ALFALFA
H i observations and a similar set of SDSS galaxies.
Since the S4G sample is far more complete in terms of
H i detections, and samples down to much lower values of
fgas, than is true for the SDSS studies, it is probably more
representative in terms of how bars do (or do not) depend
on the gas mass fraction in galaxies.
3.4 Strong Bars versus Weak Bars
Several SDSS-based papers have argued that their detections
are primarily of “strong” bars. For example, by comparing
galaxies in common between GZ2 and the sample of Nair
& Abraham (2010b), Masters et al. (2012) suggested that
galaxies with GZ2 pbar > 0.5 – their standard definition for
a galaxy being barred – were equivalent to the “strong bars”
of Nair & Abraham (2010a,b). Is there any evidence that
local (S4G) galaxies behave more like GZ2 and other SDSS
galaxies when only strong bars are considered?
Figure 5 suggests that strong (SB) and weak (SAB)
bars in S4G behave almost indistinguishably, with two ex-
ceptions. First, strong bars display a more sharply peaked
distribution as a function of stellar mass, with a maximum at
log (M?/M) ∼ 9.8, in contrast to the very broad maximum
in fbar seen for SAB bars (upper right panel of Figure 5).
Second, the fractions of SB and SAB bars (fSB and fSAB)
diverge for very high gas mass ratios: for fgas > 1, fSB de-
creases and fSAB increases. But neither of these SB trends
agrees with the general SDSS-based results. Indeed, the fSB
trend as a function of stellar mass is if anything even more
different from the SDSS-based trends than is true for fbar.
Similarly, the fact that the S4G fSB and fSAB values
remain roughly constant (and equal) for log fgas < 0 (lower
right panel of Figure 5) means that the strong change in fbar
versus log fgas seen by Masters et al. (2012) and Cervantes
Sodi (2017) (over the range fgas ≈ −1.0 to 0) cannot be
due to their detecting only strong bars. Finally, the trends
of fSB and fSAB as a function of g−r (middle right panel of
Figure 5) are identical within the uncertainties, with both
indicating either no correlation with colour or else a slight
decrease in bar fraction towards redder colours.
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Figure 5. Fractions of disc (spiral + Irr) galaxies with bars (left panels) or with strong (SB) and weak (SAB) bars counted separately
(right panels). Fractions for S4G samples are shown with red circles (left panels) or black and green circles (right panels); dashed red lines
show the results of logistic fits to the underlying data; see text for details. The small red numbers along the bottom of each left-hand
panel are the raw S4G counts per bin. Top panels: Bar fractions as a function of stellar mass for S4G galaxies with distances 6 25
Mpc. Other symbols show reported bar fractions for GZ2 (Masters et al. 2012; Melvin et al. 2014) and three other SDSS-based studies
(Barazza et al. 2008; Nair & Abraham 2010b; Gavazzi et al. 2015). Middle panels: Bar fractions as a function of g−r colour for S4G
galaxies in Sample 1m (based on B−V colours). Gray squares and diamonds show reported bar fractions for GZ2 (Masters et al. 2011,
2012), with grey triangles for Lee et al. (2012a) and cyan stars for Nair & Abraham (2010b). Bottom panels: Bar fractions as a function
of atomic gas fraction fgas for S4G galaxies in Sample 1m. Also plotted are reported SDSS-based trends for GZ2 (Masters et al. 2012,
open diamonds) and Cervantes Sodi (2017, gray stars).
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Table 2. Total Bar Fractions
Name Dmax Minimum M? fbar fSB fSAB
(Mpc) (log (M?/M))
Sample 1 25 — 0.563± 0.019 0.234+0.017−0.016 0.329± 0.018
Sample 1m 25 8.5 0.618± 0.020 0.267+0.019−0.018 0.351± 0.020
Sample 2 30 — 0.564± 0.017 0.236+0.015−0.014 0.328± 0.016
Sample 2m 30 9 0.623± 0.019 0.290± 0.018 0.333+0.019−0.018
Observed bar fractions for different subsamples of S4G spiral galaxies. For each subsample, I list the total bar
fraction fbar and the separate fractions for strong (SB) and weak (SAB) bars. The fractions for Samples 1
and 2 include all galaxies within the specified distance limits; the fractions for Samples 1m and 2m are
restricted to galaxies more massive than the specified stellar-mass limits.
So it appears that we cannot explain the discrepancies
between the S4G-based results and the SDSS-based results
by appealing to the hypothesis that the latter are simply the
behavior of strong bars rather than bars in general.
It should be kept in mind that the concept of “strong”
versus “weak” bars is inherently a somewhat ambiguous one.
Various quantitative measures of bar strength have been
proposed – and several of them have been applied to many
(though not all) of the bars in S4G – but they can sometimes
be surprisingly contradictory, in part because they aim at
defining different aspects of “strength”. Figs. 17, 18, and 20
of Dı´az-Garc´ıa et al. (2016a) shows some of the potential am-
biguity for the S4G galaxies. For example, if one chooses the
A2,max measure often used by theorists, then there is fairly
clear correlation (albeit with considerable scatter) between
galaxy mass and bar strength: on average, the strongest bars
are in high-mass galaxies. If one uses the maximum isopho-
tal ellipticity (probably the easiest observational measure-
ment), then there is no correlation. For Qb (the maximum
gravitational torque produced by the bar), there is an anti-
correlation, with the strongest bars in lower-mass galaxies.7
Similarly, if one follows Lee et al. (2012a) and Cervantes Sodi
(2017) and uses the size of the bar relative to the apparent
or fiducial size of the disc, then the strongest bars would be
in the lowest-mass galaxies (see also Figure 9). In general,
one should probably be cautious about claims that SDSS-
based studies are detecting mostly (or only) “strong bars”,
since unless the type of bar strength is carefully specified,
the implications are unclear.
3.5 The Global Bar Fraction
As demonstrated in the preceding subsections, the bar frac-
tion fbar is roughly constant with both colour and gas mass
ratio, but is a strong function of stellar mass. The latter fact
means that there is no one “global” bar fraction, since the
fraction for any sample will depend on the masses of the
galaxies in the sample. With that caveat in mind, I present
summary fractions in Table 2, which shows the bar frac-
tion for the different S4G spiral subsamples. The bar frac-
tion for all spirals is 0.56± 0.02; however, this is probably a
slight overestimate given the incompleteness in galaxies with
7 This is at least partly because Qb measures the gravitational
strength of the bar relative to the bulge and inner disk; in low-
mass galaxies with little or no bulge, the bar’s impact is less
diluted and so Qb is stronger.
log (M?/M) < 9, since low-mass galaxies are less likely to
have bars. For spirals with log (M?/M) & 9, the fraction is
0.62± 0.02. This is consistent with most previous estimates
from smaller local samples (e.g., Sellwood & Wilkinson 1993;
Mulchaey & Regan 1997; Knapen et al. 2000; Eskridge et al.
2000; Mene´ndez-Delmestre et al. 2007; and the discussion in
Sheth et al. 2008), which tended to be dominated by high-
mass galaxies.
4 THE SIZES AND DETECTABILITY OF
BARS
4.1 Why Do S4G Bar Frequencies Differ From
(Most) SDSS Results?
The previous section has shown that the frequencies of bars
in local (S4G) galaxies generally differ markedly from those
reported for most SDSS-based samples – not just in overall
frequency, but also in trends with stellar mass, colour, and
gas fraction. Why is this so?
It seems unlikely that cosmic variance could produce
such a strong, systematic difference. The fact that the
Barazza et al. (2008) and Me´ndez-Abreu et al. (2012) studies
actually agree rather rather well with the local results makes
such an appeal even more improbable. Similarly, while the
use of near-IR images for the S4G sample largely eliminates
the possibility of missing bars due to strong dust extinction
or star formation, which might affect SDSS optical images, it
is unclear why dust and star formation should not affect the
Barazza et al. (2008) or Me´ndez-Abreu et al. (2012) results
in the same way as most other SDSS-based studies. Differ-
ences in bar-detection methods could certainly explain some
of the difference, particularly since some methods may be
more sensitive to weaker or smaller bars than others. Still,
SDSS-based studies with different bar-detection methods do
show similar results: e.g., GZ2 (Masters et al. 2011, 2012;
Skibba et al. 2012), Oh et al. (2012), and Lee et al. (2012a)
for fbar versus g−r; GZ2 (Masters et al. 2012; Skibba et al.
2012; Melvin et al. 2014), Oh et al. (2012), Gavazzi et al.
(2015), and Cervantes Sodi (2017) for fbar versus stellar
mass; or GZ2 and Cervantes Sodi (2017) for fbar versus gas
mass fraction. So it is hard to see how the strong differences
between most SDSS-based studies and the local, S4G results
can be explained this way.
One key difference between the S4G galaxies and the
SDSS samples is spatial resolution. Although the FWHM
for the Spitzer 3.6µm images used for S4G (≈ 2′′) is slightly
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worse than the typical SDSS seeing of ∼ 1.4′′, SDSS galaxies
are, on average, much further away, so the effective linear
resolution is correspondingly much poorer. The mean dis-
tance of S4G galaxies in Sample 1 is 16.8 Mpc (median =
17.8 Mpc), so the FWHM translates to a mean linear res-
olution of ∼ 165 pc. For a volume-limited sample spanning
z = 0.01–0.06, as used by most of the GZ2 studies, the mean
redshift would be ≈ 0.045 (assuming a uniform galaxy den-
sity), with a mean linear resolution of ≈ 1.25 kpc – almost
an order of magnitude worse.
In this context, it is significant that the SDSS-based
studies which do show agreement with the local galaxies –
that is, Barazza et al. (2008) and Me´ndez-Abreu et al. (2012)
– are samples of galaxies at smaller distances. The Barazza
et al. (2008) sample had a redshift range of z = 0.01–0.03,
which implies (assuming uniform densities) 〈z〉 ≈ 0.023 and
a mean spatial resolution twice as good as GZ2 and simi-
lar SDSS-based studies. The “field2” subsample of Me´ndez-
Abreu et al. (2012) used galaxies with redshifts of 2500–3000
km s−1, their“Virgo”subsample used Virgo Cluster galaxies,
and their “Coma” subsample used HST rather than SDSS
images, so their spatial resolutions were similar to or slightly
better than that of the S4G galaxies.
Poorer resolution has the obvious effect of reducing the
observed ellipticity and contrast of a bar (perhaps especially
so if there is a bright bulge whose light can be convolved with
that of the bar), and this will be worse for bars which are
smaller in angular size. Figure 3 suggests a possible limit of
∼ 2 × FWHM for detecting bars in S4G. Although there is
a potential complication due to the existence of an angular
size limit for the parent S4G sample – e.g., at larger dis-
tances galaxies with smaller optical discs are preferentially
excluded, which may in turn exclude smaller bars – Aguerri
et al. (2009) concluded from their experiments with artificial
galaxy images that a lower limit on detectable bar size for
SDSS images was abar ∼ 3.6′′, or about 2.5× FWHM.
In the context of GZ2, Willett et al. (2013) explicitly
pointed out a possible bias against detecting smaller bars,
based both on the GZ2 public interface (“GZ2 participants
may not have looked for bars shorter than the disc diameter,
or have been less confident in voting for ‘yes’ if they were
identified”) and also on a strong correlation between the GZ2
pbar parameter and the EFIGI (Baillard et al. 2011) bar
“length”parameter for galaxies in common between GZ2 and
EFIGI.
So – despite arguments sometimes made that all “nor-
mal” or “galactic-scale” bars can be detected in SDSS sam-
ples – it is at least possible that most SDSS studies are
failing to detect significant numbers of bars due to resolu-
tion effects. (Some SDSS-based studies – e.g., Gadotti 2011;
Wang et al. 2012 – are careful to point out that they are less
sensitive to smaller bars.) Whether this might explain the
different systematics in bar frequency, depends on, among
other things, the actual sizes of bars – and whether their
sizes vary significantly with galaxy properties such as mass,
colour, or gas content.
4.2 The Sizes of Bars in S4G
Figure 6 shows how bar size behaves as a function of stellar
mass for S4G galaxies in Samples 1 and 2. There are two
important things to note about this figure.
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Figure 6. Bar semi-major axis versus stellar mass for S4G spiral
galaxies with D 6 25 Mpc (dark circles); galaxies with distances
between 25 and 30 Mpc are plotted with open circles. The red
dashed line shows a broken linear fit to galaxies with D 6 30
Mpc and log (M?/M) = 9–11; see Paper II for more details.
The first is that there is considerable scatter in intrinsic
bar size for any given stellar mass; among other things, this
scatter means that a significant fraction of bars have semi-
major axes < 1 kpc. Although many studies of bars in SDSS
samples correctly note that bars with sizes . 1 kpc will prob-
ably go undetected in SDSS images, they often argue that
bars of this size are “nuclear bars” distinct from “normal”
bars, and thus any failures to reliably detect bars of this
size do not affect conclusions about bars (or normal bars) in
general. But as Figure 6 demonstrates, sub-kpc bars appear
to be simply the tail end of the general distribution of bar
sizes for galaxies with masses log (M?/M) . 10.2, and so
failing to detect such bars will bias conclusions about bar fre-
quencies. Only for galaxies with masses log (M?/M) & 10.3
could one argue that bars with lengths < 1 kpc would be
different from the general population of bars.
The second point is that there is indeed, as noted by
Dı´az-Garc´ıa et al. (2016a, see their Fig. 20 and Table 5), a
clear correlation between bar size and stellar mass. Closer
inspection suggests the trend actually has a bimodal quality:
bar size is almost constant (but increases slightly with stellar
mass) for stellar masses . 1010M, and clearly increases
with stellar mass for higher masses.
Further analysis of the correlation between bar size and
stellar mass (and other galaxy properties) will be presented
in Erwin (2018, in prep; hereafter Paper II). Here, I empha-
size the basic size-mass correlation, as well as the general
observation that a correlation between bar size and stellar
mass will probably translate into a correlation between bar
size and galaxy colour and an anticorrelation between bar
size and gas content (since more massive galaxies tend to
redder and more gas-poor; see Figure 2). Evidence for this
(especially for the gas-content–bar-size anticorrelation) can
be seen in Figure 7.
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Table 3. Fits to Bar Size versus Stellar Mass
Fit range Dmax α1 β1 α2 β2 log (Mbrk/M)
(log (M?/M)) (Mpc)
(1) (2) (3) (4) (5) (6) (7)
> 8.5 25 −0.62+0.36−0.22 0.09+0.02−0.04 −4.35+1.08−0.55 0.46+0.05−0.10 10.01+0.04−0.16
8.5–11 25 −0.75+0.26−0.30 0.10+0.03−0.03 −5.80+0.87−0.92 0.60+0.09−0.08 10.16+0.08−0.07
> 9 30 −0.69+0.28−0.52 0.10+0.05−0.03 −4.56+0.72−0.56 0.48+0.05−0.07 10.10+0.09−0.06
9–11 30 −0.53+0.41−0.38 0.08+0.04−0.04 −5.39+1.13−0.47 0.56+0.05−0.11 10.11+0.02−0.13
All — −1.17+0.22−0.31 0.15+0.03−0.02 −4.17+0.61−0.66 0.44+0.06−0.06 10.24+0.07−0.03
Results of broken-linear fits to log avis as a function of log (M?/M). Parameter uncertainties are
based on 2000 rounds of bootstrap resampling.
4.3 Implications for SDSS-Based Surveys
The implication of the bar-size–stellar-mass correlation is
this: because higher-mass galaxies tend to have physically
larger bars, their bars will be easier to detect at large dis-
tances than is true for bars in lower-mass galaxies. If the
resolution limit of a survey is well below the size of most or
all of the bars in a sample, even for the most distant galaxies
– as is the case for the distance-limited subsamples of S4G
– then very few bars will be missed. But most SDSS-based
studies have a typical linear resolution for their galaxies that
is about an order of magnitude worse than that of S4G. They
will accordingly be much more vulnerable to resolution ef-
fects. And since the resolvability of bars depends on both
survey resolution and their linear sizes, bars in lower-mass
galaxies will be more easily missed than those in high-mass
galaxies.
Figure 7 shows how the different resolutions interact
with the distribution of bar sizes by plotting S4G observed
bar size avis versus stellar mass, g−r colour, and fgas. (Using
the observed sizes helps incorporate the effects of inclination
and projection.) The typical linear resolutions of both S4G
(165 pc for Sample 1’s mean distance of 17 Mpc, assuming
FWHM ≈ 2′′) and GZ2 (1.25 kpc for 〈z〉 = 0.045, assuming
FWHM = 1.4′′) are indicated on the figure with horizontal
black (for S4G) and blue (for GZ2) lines. (“GZ2” should be
understood as representing typical SDSS-based bar surveys,
not just the GZ2 studies.) Since Figure 3 suggests that a
plausible lower limit for bar detectability is a ∼ 2×FWHM,
I also plot twice the mean FWHM values for each case, using
thinner dashed lines. The mean S4G resolution is clearly well
below the observed sizes of almost all the bars. But the mean
SDSS resolution excludes a significant fraction of the bars,
and does so in a clearly differential fashion: more bars are
below the resolution limit for lower stellar masses, for bluer
colours, and for higher fgas values. This means that SDSS-
based studies are likely to detect fewer of the bars in lower-
mass, blue, and gas-rich galaxies. (The implied trend is less
clear for bar size versus galaxy colour, with bars apparently
becoming larger in the bluest galaxies. The problem is that
these are the galaxies for which local colour information is
most incomplete.)
4.3.1 Evidence for Missing Small Bars in SDSS Studies
Is there more direct evidence that large-scale SDSS-based
surveys have preferentially missed smaller bars? The left
panel of Figure 8 compares the observed sizes of bars as
a function of stellar mass from GZ2, using the published bar
sizes of Hoyle et al. (2011) and stellar masses estimated (us-
ing the colour-to-M/L relations of Zibetti et al. 2009) from
i-band absolute magnitudes and g−i colours in the GZ2 cat-
alogs (Willett et al. 2013). The solid blue line is a LOESS
(locally weighted regression) fit, somewhat analogous to a
running mean (using the implementation of Cappellari et al.
2013); the dashed lines outline the 90% quantile limits, us-
ing the LOESS-based approach of Sakov et al. (2010). The
distribution of S4G bar sizes is shown in the right panel of
the same figure, along with corresponding LOESS fit and
90% quantiles in red.
By comparing the overall trends (red lines versus blue
lines), we can see that while the GZ2 and S4G bars
span a similar range of sizes at the high-mass end (i.e.,
log (M?/M) ∼ 11), the distributions separate as one
goes to lower masses, with the GZ2 distribution biased to
larger sizes relative to the S4G bars. By the time we reach
log (M?/M) ∼ 10.2, almost 90% of the GZ2 bars are larger
than the typical S4G bar.
The distributions of GZ2 and S4G bar sizes appear
to converge again for much lower stellar masses (e.g.,
log (M?/M) . 9), though the lower boundary for S4G
sizes remains clearly below that for the GZ2 galaxies. This
behavior might reflect the increase in relative bar size (bar
semi-major axis divided by galaxy optical radius) at lower
masses, as shown in Figure 9.
5 SIMULATING SDSS BAR OBSERVATIONS
As shown in the previous section, the distribution of bar sizes
in the local universe suggests that a significant number of
bars could be missed in SDSS-based surveys, for the simple
reason that they are too small in angular size to be reliably
detected. From Figure 7, we can deduce that SDSS-based
studies will preferentially miss bars in lower-mass, bluer, and
more gas-rich galaxies, because those are the galaxies with
smaller bars; Figure 8 suggests that detected bars in GZ2
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Figure 7. Observed (not deprojected) sizes of bars in S4G galax-
ies versus stellar mass (top), g− r colour (middle), and gas mass
ratio (bottom). Filled circles indicate galaxies in Sample 1 (D 6
25 Mpc, top panel) or Sample 1m (D 6 25 Mpc, log (M?/M) >
8.5, middle and bottom panels); open circles show additional
galaxies with D = 25–30 Mpc and also log (M?/M) > 9 (middle
and bottom panels). Horizontal dashed lines show typical linear
resolution for galaxies in S4G (black, FWHM = 2′′, 〈D〉 = 17 Mpc
for Sample 1) and in GZ2 or similar SDSS-based studies (blue,
FWHM = 1.4′′, 〈z〉 ≈ 0.045). Even assuming that all bars with
angular sizes down to one FWHM are detected, SDSS-based sur-
veys will miss a significant fraction of bars in lower-mass, blue,
and gas-rich galaxies (dark shaded regions). More bars will be
missed if the actual detection limit is closer to 2× FWHM (dark
+ light shaded regions).
studies are indeed biased toward larger sizes relative to lo-
cal bars, and that this bias increases toward lower galaxy
masses.
Can we test this idea more rigorously? The S4G-based
subsamples I use are defined to be volume- and mass-limited,
which makes them potentially a good match to many of the
SDSS-based samples.8 This means that it is possible to use
the S4G galaxies – and their measured bar sizes – as a parent
sample for simulating how local galaxies would be classified
if they were observed with typical SDSS resolution at typ-
ical SDSS redshifts. Since the local subsamples are ∼ 97%
complete in terms of gas mass fraction, they are also suitable
for examining simulated bar fractions as a function of fgas
(although the incompleteness of the actual SDSS studies in
terms of fgas makes comparison more difficult).
The basic idea is simple: a mock sample of N galaxies
(where N is similar in size to typical SDSS samples) is gener-
ated by sampling with replacement from an S4G-based sub-
sample and assigning each galaxy a random redshift drawn
from the mock sample’s redshift range, using uniform vol-
ume weighting. Since the relevant SDSS-based studies gen-
erally only have galaxies with log (M?/M) & 9–9.5 (e.g.,
Barazza et al. 2008; Masters et al. 2012; Cheung et al. 2013;
Oh et al. 2012; Cervantes Sodi 2017), the best S4G-based
subsample to use is probably Sample 2m: log (M?/M) > 9,
D 6 30 Mpc. (For the gas-mass-ratio comparison, I limit the
starting simulation sample to log (M?/M) > 9.5.) If the
original S4G galaxy is unbarred, then the sampled galaxy
is assumed to be correctly identified as such. If the original
galaxy does have a bar, then the orientation of the sam-
pled galaxy’s bar within its disc is chosen randomly from
(0, 90◦) relative to the line of nodes, the galaxy inclination i
is chosen randomly from (0, 60◦), weighted by cos i, and the
observed bar size is computed by projecting the intrinsic
S4G bar semi-major axis according to the chosen orienta-
tion. The galaxy is then “observed” to determine if its bar
is detected, with the projected bar size in kpc converted to
an angular size given the assigned redshift. If this is larger
than the assumed angular-size limit of 2×FWHM, then the
galaxy is classified as “barred”; otherwise, it is classified as
“unbarred”. The detected bar frequencies are then calculated
for each stellar-mass or gas-mass-fraction bin. The process
is repeated 200 times, with the median and 68% confidence
intervals calculated from the results.
A sharp cutoff based solely on bar size, such as I sim-
ulate here, is obviously not terribly realistic. Bar strength
(however defined) is probably important at some level, de-
spite the evidence that the SDSS-based studies are not pref-
erentially selecting strong bars (Section 3.4): bars which are,
for example, especially elliptical and high-contrast may still
be detectable even if their projected size is slightly below
the resolution limit, while rounder, lower-contrast bars may
be missed even if their projected size is slightly above the
limit, even though both will be strongly affected by con-
volution with the seeing. Another complication is that the
actual seeing for the SDSS images is variable; some images
8 Somewhat less so at lower masses, as the SDSS-based studies
are really absolute-magnitude-limited, so that stellar-mass incom-
pleteness starts to become a problem for log (M?/M) < 10 or
so.
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Figure 8. Comparison of observed bar sizes between GZ2 and S4G. Left: Observed GZ2 bar sizes from Hoyle et al. (2011), as a function
of stellar mass. The solid blue line is a LOESS fit to the data; the dashed lines outline the 10–90% quantile range. Right: Same, but
now showing S4G observed bar sizes, with red lines indicating LOESS and 10–90% quantiles. The blue lines repeat the GZ2 LOESS and
quantile ranges from the left panel.
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Figure 9. Relative bar size (bar semi-major axis divided by blue
optical radius R25) for S4G galaxies in Sample 2. The red line
indicates a LOESS fit to galaxies with log (M?/M) = 9–11. Note
that relative bar size reaches a minimum at log (M?/M) ∼ 10.2,
and is actually largest for stellar masses of log (M?/M) ∼ 9. See
also Fig. 20 of Dı´az-Garc´ıa et al. (2016a), which shows a similar
trend for bar size relative to near-IR galaxy size as a function of
stellar mass.
may have unusually good seeing, making smaller bars more
detectable, while other images with worse-than-typical see-
ing will make detecting larger bars more difficult. A further
potential issue is that the S4G sample – despite contain-
ing galaxies from the Virgo and Fornax Clusters – does not
have any galaxies from very massive clusters, and so the
environmental match to the larger, SDSS-based samples is
not perfect. Finally, the S4G subsample I use excludes S0
galaxies, although some of the SDSS-based studies exclude
“early-type” galaxies themselves.
These issues aside, I believe it is still useful to investi-
gate how well the SDSS-based bar-fraction trends can be
reproduced – even if only qualitatively – by this simple
resolution-effects model. The next two subsections explore
this for the cases of stellar mass and gas mass ratio.
5.1 Simulated Bar Fraction and Stellar Mass
The left-hand panel of Figure 10 shows the median trend
for fbar versus log (M?/M) from 200 bootstrapped mock
samples, each with N = 10, 000 galaxies. The basic trend
seen in GZ2 (Masters et al. 2012; Melvin et al. 2014) and at
least some other SDSS-based studies (e.g., Oh et al. 2012;
Gavazzi et al. 2015; Cervantes Sodi 2017) is clearly repro-
duced: fbar is very low for galaxies with log (M?/M) < 10,
and then increases steeply for higher masses.
The relation seen by Nair & Abraham (2010b) is not as
well reproduced – specifically, the increase in fbar to lower
stellar masses (log (M?/M) < 10) that Nair & Abraham
reported is not apparent, although GZ2 and other SDSS
studies did not report much of a trend in this sense, either.
In this case, difference in how bar detection works in the dif-
ferent studies may be important. In particular, it could be
that the Nair & Abraham study is more sensitive to both the
relative size of bars and the absence of bulges in low-mass
galaxies. The first factor is illustrated by Figure 9 (see also
Fig. 20 of Dı´az-Garc´ıa et al. 2016a), which shows that bar
size relative to optical disc size actually increases to lower
stellar masses for log (M?/M) . 10. It may thus be easier
in some cases to identify bars in lower-mass galaxies simply
because they span a larger part of the visible disc. The min-
imum in relative bar size happens at log (M?/M) ≈ 10.2 –
which is where the Nair & Abraham (2010b) bar frequency
has its minimum. This might also explain why Cervantes
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Figure 10. Observed and simulated bar frequencies as a function of stellar mass and fgas. In both panels, observed bar fractions for S4G
galaxies are shown with filled red circles (see Figure 5). Left: bar fractions as function of stellar mass, with SDSS-based fractions from
Masters et al. (2012) and Melvin et al. (2014) in grey, from Oh et al. (2012) with open green triangles, from Gavazzi et al. (2015) with
filled magenta stars, and from Nair & Abraham (2010b) with open cyan stars. Filled blue pentagons show median bar fractions (with
68% confidence intervals) for simulated observations of S4G galaxies at typical SDSS-survey redshifts (z = 0.01–0.05), assuming that
bars with (projected) semi-major axes smaller than twice the typical FWHM of SDSS images are not detected. Right: same, but now
showing bar fractions as function of fgas, including GZ2 fractions from Masters et al. (2012). Open blue pentagons are from simulations
similar to those in the left panel; green hexagons – slightly offset for clarity – are from simulations that include a simplistic H i selection
function based on Haynes et al. (2011). The blue numbers along the bottom of the plot are the number of S4G galaxies in each bin in
the log (M?/M) > 9.5 parent sample used for the simulation.
Sodi (2017) reports a sharp upturn in fbar for his very lowest-
mass bin (his Fig. 1), along with the weak upturns in fbar
for very blue and low-mass galaxies in GZ2 (e.g., Masters
et al. 2011, 2012).
A second possible reason for the high fbar values seen for
low masses (and blue galaxies) by Nair & Abraham (2010b)
is that their sample is magnitude-limited (g < 16), unlike e.g.
the GZ2 studies, and unlike the volume-limited subsamples
of S4G constructed for this paper. A magnitude limit means
that less luminous galaxies (which tend to be lower in mass
and bluer) are preferentially found at smaller redshifts, as
can be seen in Fig. 20 of Nair & Abraham (2010a): for exam-
ple, galaxies with log (M?/M) = 8.0–9.5 are mostly found
at z ≈ 0.01–0.02, while galaxies with log (M?/M) = 10.8–
11.2 are mostly found at z ≈ 0.04–0.06. This means that a
typical low-mass galaxy will be observed with several times
better spatial resolution than a typical high-mass galaxy in
their sample. It is conceivable that the upturn in fbar toward
lower stellar masses in Fig. 1 of Nair & Abraham (2010b)
is at least partly due to this effect – especially since the
S4G samples show that galaxies with log (M?/M) . 10.1
have bar sizes that depend rather weakly on stellar mass
(Figure 6).
Unfortunately, I cannot properly test this last hypoth-
esis using the S4G sample, because the g = 16 limit of Nair
& Abraham (2010a) is almost a full magnitude fainter than
the S4G parent-sample magnitude limit of B = 15.5. This
means that the Nair & Abraham sample has many galaxies
fainter than are found in S4G, making it difficult to compare
the samples.
Leaving aside the caveats regarding the Nair & Abra-
ham (2010b) study, I conclude that the interaction of the
bar-size–stellar-mass correlation and low spatial resolution
explains most, if not all, of the apparent correlation between
fbar and stellar mass reported by the majority of SDSS-
based studies.
5.2 Simulated Bar Fraction and Gas Mass Ratio
The right-hand panel of Figure 10 shows simulated SDSS
observations of fbar as a function of fgas. Results from sim-
ulations using the same approach as for the log (M?/M)
comparison – except now using a sample size of 2000 as a
better match to that used by Masters et al. (2012), and with
stellar masses restricted to log (M?/M) > 9.5 – are shown
using hollow blue pentagons. As expected, the observed bar
fraction decreases to higher gas mass ratios. This qualita-
tively agrees with the results of Masters et al. (2012) and
Cervantes Sodi (2017). The quantitative match is not as good
as the agreement between the simulated and reported fbar–
log (M?/M) results (left-hand panel of the figure). This is
at least partly because the SDSS fgas results include com-
plicated selection effects based on the varying detection effi-
ciency of the ALFALFA survey as a function of gas content
and redshift (see the discussion in Masters et al. 2012).
Inspection of Fig. 2 of Masters et al. (2012) suggests
that two related biases may be relevant. Most of their gas-
rich galaxies (e.g., log fgas = 0–0.5) are low-mass – and thus
have smaller intrinsic bar sizes – and are mostly at higher
redshifts (the majority between z ∼ 0.03 and 0.05). In con-
trast, most of their gas-poor galaxies (e.g., log fgas = −1.5
to −1.0) are high-mass – and thus have larger intrinsic bar
sizes – and at the same time are at lower redshifts (mostly
between z ∼ 0.015 and 0.035). This is of course a natural re-
sult for the combination of a flux-limited H i survey and the
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strong anticorrelation between gas content and stellar mass.
So gas-rich galaxies in SDSS + ALFALFA samples will tend
to have small intrinsic bar sizes and be further away, which
will lower the bar-detection efficiency, while gas-poor galax-
ies will have intrinsically larger bars and be closer, which will
increase the bar-detection efficiency. This effect is a plausi-
ble explanation for the fact that Masters et al. (2012) and
Cervantes Sodi (2017) find fbar to be anticorrelated with
gas mass ratio at fixed stellar mass (or, equivalently, fbar in-
creases with H i deficiency, which is computed as a function
of stellar mass).
As an attempt to include the effects of the H i detec-
tion bias of the SDSS studies, I generated additional sim-
ulated surveys using the suggested 50% detection limit for
ALFALFA from Eqns. 6 and 7 of Haynes et al. (2011), with
the HyperLeda vmaxg parameter standing in for W50 (i.e.,
W50 = 2 vmaxg). For each potential S
4G galaxy chosen for
the bootstrapped sample, I computed its hypothetical H i
flux (using the randomly chosen redshift and the galaxy’s
actual H i flux from HyperLeda) and the ALFALFA limit-
ing flux. If the hypothetical flux at redshift z was brighter
than the limiting flux, then the galaxy was accepted into
the bootstrapped sample; if its H i flux was too faint, it was
rejected and a new galaxy selected from the parent sample,
with the process repeated until a galaxy was accepted. The
results of this“H i–limited”simulation are shown using green
hexagons in the right panel of Figure 10. These observed bar
fractions are higher than for the standard simulation (hol-
low blue pentagons), because the H i–selection cutoff tends
to exclude more distant galaxies, where bars are harder to
detect. The overall pattern of increasing bar fraction to lower
fgas is even stronger, and the predicted fbar values tend to
overlap somewhat better with the GZ2 values from Masters
et al. (2012).
This suggests that we can explain the discrepancy be-
tween the absence of a dependence of bar fraction on gas
fraction in S4G galaxies and the apparent strong dependence
seen in SDSS studies, at least to first order, via a combina-
tion of the dependence of bar size on stellar mass – and thus
indirectly on fgas – and the effects of strong H i flux limits.
5.3 Bar Fraction and Colour
Masters et al. (2011, 2012) and Lee et al. (2012a) reported
strong trends between bar fraction and galaxy optical colour,
in the sense that redder galaxies are much more likely to be
barred. As noted in Section 3.2, the local (S4G) galaxies do
not show any evidence for this; if anything, the local trend
suggests a very slight (though statistically not significant)
decrease in fbar for redder galaxies; a similar trend was seen
by Barazza et al. (2008).
Unfortunately, the incompleteness of colour data for
S4G galaxies (see Appendix A) makes it difficult to construct
simulated SDSS observations as I have done for the stellar-
mass and fgas cases, particularly since the incompleteness is
worse for bluer galaxies.
Nonetheless, given that galaxy colour does correlate
with stellar mass, it is very likely that the reported fbar–
colour correlations from SDSS-based studies are mostly if
not entirely side effects of differential bar detection: since
bluer galaxies tend to be lower mass, they also tend to have
smaller bars, which will be harder to detect (middle panel
of Figure 7). The fact that the mean resolution of Barazza
et al. (2008) was about twice as good as that of the GZ2 and
Lee et al. (2012a) studies, combined with a possible higher
bar-detection efficiency, likely explains why the Barazza et
al. colour trend is similar to the S4G trend.
6 DISCUSSION
6.1 The Primacy of Stellar Mass
Section 3.1 suggests that bar presence depends quite
strongly on stellar mass, with little or no dependence on
galaxy colour or (neutral) gas content. We can still ask
whether – once we account for the main stellar-mass depen-
dence – there might not still be some residual dependences of
bar frequency on colour or gas content. Since the quadratic
logistic regression is such a good match to the bar frequency
as a function of stellar mass, I test for possible residual cor-
relations by performing logistic regressions using both stellar
mass and one or both of the other parameters as indepen-
dent variables. This is in essence a variation of Equation 6,
with the bar frequency described as
fbar(x) =
1
1 + e−(α+β1m+β2m2+β3x)
, (7)
where m = log (M?/M) and x = either g−r or log fgas.
Table 4 shows the resulting best-fit parameters for the
fit using stellar mass and colour and the fit using stellar mass
and fgas. Each fit is done to two subsets of data: galaxies in
Sample 1m with fgas values (556 galaxies) and galaxies in
Sample 1m with g−r values (319 galaxies). Akaike Informa-
tion Criteria (AIC) values from the fits can be used to evalu-
ate the relative goodness of different fits, but only within the
individual subsamples. In both subsamples, the lowest AIC
values – and thus the preferred fits – are for the quadratic
dependence on log (M?/M) alone. Adding either gas mass
ratio or colour to the fits results in higher AIC values – sig-
nificantly so (∆AIC = 6.6) for the large, fgas-based sample.
This is a reasonably clear indication that the bar frequency
does not show any significant dependence on either gas mass
ratio or g−r colour, once the strong dependence on stellar
mass is accounted for.
6.2 Implications for High-Redshift Bar Studies
Could differential resolution affect high-z bar studies? Stud-
ies using HST data of galaxies at moderate redshifts (e.g.
z ∼ 0.4–1.0) sometimes make the same sort of claims that
they are incapable of missing“normal”bars that some SDSS-
based studies have made. Whether this is true depends
partly on resolution and partly on what the (unknown)
distribution of bar sizes at different redshifts actually is.
The spatial resolution of HST images for moderate-redshift
galaxies is better than typical z ∼ 0.05 SDSS images: for
example, even at z = 1, an I-band HST image will have a
FWHM of ∼ 0.8 kpc, compared with 1.25 kpc for a typi-
cal SDSS image at z = 0.05. Clearly, fewer bars should be
missed by HST surveys – if bars have the same size distri-
bution at high redshift as they do locally.
Figure 11 compares potential high-redshift resolution
limits with the S4G bar-size distribution: I show linear
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Table 4. Logistic Regression Results: Multiple Variables
Variable α β Pβ AIC
(1) (2) (3) (4) (5)
Subsample: 556 galaxies with fgas values
logM? −6.05 0.69 0.0012 799.6
logM? −84.29 17.55 0.00016 762.1
(logM?)2 — −0.90 0.00019 —
logM? −84.51 17.51 0.00020 768.7
(logM?)2 — −0.90 0.00024 —
log fgas — 0.21 0.55 —
Subsample: 319 galaxies with g−r values
logM? −6.05 0.69 0.0012 439.2
logM? −75.16 15.35 0.037 433.5
(logM?)2 — −0.78 0.037 —
logM? −67.25 13.62 0.071 434.5
(logM?)2 — −0.68 0.077 —
g−r — −1.47 0.21 —
Results of multivariable logistic regression for bar frequency fbar
in Sample 1m (S4G spirals with D 6 25 Mpc and log (M?/M) >
8.5) as a function of log of stellar mass and either g−r colour or
gas mass fraction fgas. Two subsamples are considered: the first
is all galaxies in Sample 1m with fgas values, while the second
is all galaxies with g−r colours. (1) Galaxy parameter used in
fit. (2) Intercept value for fit. (3) Slope for fit. (4) P -value for
slope. (5) Akaike Information Criterion value for fit; values should
be compared only within a given subsample, with lower values
indicating better fits.
FWHM for two different redshifts (z = 0.4 and 1.0, brack-
eting the range usually used in HST bar studies), assuming
an I-band angular PSF FWHM of 0.09′′ (e.g., for F814W
or F850LP filters used with ACS-WFC or WFC3-UVIS). If
bars can be reliably identified in HST images down to a ∼
FWHM, then relatively few bars should be missed, at least
for log (M?/M) & 10. But if a more conservative limit of
2×FWHM is used – as would seem wise for GZ2-style stud-
ies such as Melvin et al. (2014) and Simmons et al. (2014) –
then we might expect lower bar fractions at higher redshifts
purely from resolution effects, and this could apply to stellar
masses as high as ∼ 1010.5M.
There are actually two things to worry about in terms of
resolution for HST bar studies. The first is the high-redshift
equivalent of what happens for the low-redshift SDSS stud-
ies: the fact that a resolution limit near or above the size of
the smallest bars, combined with a dependence of bar size on
galaxy mass, can create – or exaggerate – a trend of fbar with
stellar mass. The second is that comparing bar fractions at
different redshifts means comparing different resolutions, for
the simple reason that higher-redshfit samples are observed
with lower spatial resolution. As Figure 11 shows, going from
z = 0.4 to z = 1.0 will lower the detected bar fraction, cre-
ating an apparent evolution in the fbar with redshift quali-
tatively similar to what has actually been reported.
One way to address the second confounding factor –
the change in resolution with redshift – would be to con-
volve images of lower-redshift galaxies to the worst-case spa-
tial resolution of the high-redshift limit of a survey, so that
all galaxies are observed with the same spatial resolution.
Unfortunately, this seems to be something that is never at-
tempted.
The preceding argument is based on the undoubtedly
unrealistic assumption that bars at high redshift having the
same distribution of sizes that they do in the local universe.
Most theoretical studies and models suggest that bars should
grow in size over time (e.g., Debattista & Sellwood 2000;
Martinez-Valpuesta et al. 2006; ?), generally by factors of
∼ 50–100%. But this makes the resolution problem worse,
because bars at higher redshifts would then be smaller and
thus even harder to detect.
A simplistic demonstration of the possible effects is
shown in Figure 12, which repeats the simulated observa-
tions approach of Section 5, but places all resampled S4G
galaxies at three different redshift ranges, corresponding to
the ranges used in the study of HST COSMOS data by
Sheth et al. (2008), and observes them with a typical HST
I-band FWHM of 0.09′′. Red diamonds show the results us-
ing the S4G spiral sample as is, while the orange pentagons
show the results when their bar sizes are set to half their
actual values. The black stars are the observed fbar values
from Sheth et al. (2008).9
If bars do not grow significantly in size, so that they
were already as large at higher redshifts as they are now,
then the simulations overpredict bar frequencies for all
galaxies in the high redshift regime (z = 0.60–0.84, top panel
of Figure 12), and they overpredict bar frequencies for lower-
mass (log (M?/M) . 10.5) galaxies in the medium redshift
regime (z = 0.037–0.60, middle panel)). For the lowest red-
shift regime (z = 0.14–0.37, bottom panel), the observed
frequencies are generally consistent with the local values –
and possibly more consistent with observed true local values
than the prediction for that redshift bin; this might be an
indication that the 2×FWHM detection limit I assume un-
derestimate the bar-detection efficiency of the methods used
in Sheth et al. (2008).
If, on the other hand, bars at higher redshifts were only
half their present size, then the simulations are a surprisingly
good match for the high-redshift sample. In particular, the
trend of increasing bar fraction for increasing stellar mass
is fully reproduced, and the predicted frequencies are only
marginally higher than the observed HST frequencies. For
the intermediate redshifts, the simulations with smaller bar
sizes slightly underpredict the observed frequencies, and they
clearly underpredict the observed frequencies in the lowest-
redshift bin (bottom panel); this suggests that at those red-
shifts bars were already more than half their present size.
Taken together, these result suggest that a combination
of significant growth in bar size and redshift-dependent res-
olution effects can in principle explain most, though perhaps
not all, of the observed changes in bar frequency reported by
Sheth et al. (2008). In particular, the simulations do a good
job of reproducing the trends in bar frequency as a func-
tion of stellar mass – i.e., increasing with stellar mass over
the range of log (M?/M) ∼ 10.2–11 – which are similar to
those seen in most SDSS-based samples, and which differ so
dramatically from the S4G trend (Figure 5).
9 These points are plotted at the center of their respective bins,
in contrast to the original plot in Fig. 3 of Sheth et al. (2008),
where they were plotted at the left side of their bins.
MNRAS 000, 1–21 (2018)
Frequency of Bars 17
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
log (M /M¯)
0.1
1
10
O
bs
er
ve
d 
ba
r s
iz
e 
a
v
is
 [k
pc
]
S4G 
〈
FWHM
〉
2× S4G 
〈
FWHM
〉z= 0.4
〈
FWHM
〉z= 1
〈
FWHM
〉
Figure 11. As for Figure 7 (upper panel), but now showing po-
tential resolution limits at intermediate to high redshifts. Assum-
ing a typical F814W FWHM of ∼ 0.09′′, the expected resolu-
tion limits (FWHM) at z = 0.4 and 1.0 are shown with thick
dashed green and red lines, respectively. Thin dashed lines show
the 2× FWHM limit for each case.
A model where all bars were already in place at z ∼ 0.8
but had only half their size, so that the observed redshift
evolution is not due to any actual changes in bar frequency,
is probably not realistic. The truth is almost certainly some-
where in between: that is, the apparent evolution in bar frac-
tion with redshift reported by HST studies is probably real,
but has likely been exaggerated by the combination of res-
olution effects and changes in bar sizes over cosmic time.
Before we can say for certain how the bar fraction evolves
with redshift – and with stellar mass – we need to be able to
disentangle true evolution in bar frequencies from the evo-
lution of resolution effects, and the evolution of bar sizes.
6.3 Implications for Models of Bar Formation and
Growth
Theoretical studies of bar formation and evolution have sug-
gested that bar formation in gas-rich discs is suppressed
or at least delayed, and that once a bar forms its growth
can also be slowed when the disc is gas-rich (e.g., Berentzen
et al. 1998; Debattista et al. 2006; Athanassoula et al. 2013).
Alternately, too much gas accretion might weaken or even
destroy pre-existing bars (Bournaud & Combes 2002; Bour-
naud et al. 2005). The SDSS-based results of Masters et al.
(2012), Cheung et al. (2013), and Cervantes Sodi (2017) have
been interpreted to support at least some of this, since they
found lower bar fractions in galaxies with more gas (or in
galaxies with higher star-formation rates, which can be in-
terpreted as a proxy for gas content).
However, the fact that local galaxies show an essentially
constant bar fraction as a function of (atomic) gas mass
fraction (bottom panels of Figure 5) runs counter to much
of the preceding. It clearly disagrees with the predictions
of Bournaud & Combes (2002) and Bournaud et al. (2005)
that high gas content should rapidly destroy bars, although
Figure 12. As for the left panel of Figure 10, but now showing
simulated high-redshift observations with HST. Red circles show
the local observed S4G bar fractions; red diamonds show simu-
lated HST observations of S4G spirals assuming that bars with
projected semi-major axes < 2 × FWHM go undetected (using
FWHM = 0.09′′), while orange pentagons show the same thing
but also assuming that bar sizes were only half their present value.
Black stars show observed HST total bar fractions from Sheth
et al. (2008). Top: Simulations and data for z = 0.60–0.84. Mid-
dle: z = 0.37–0.60. Bottom: z = 0.14–0.37.
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this is perhaps not surprising, as most recent simulations
have found that bars are rarely if ever destroyed by high
gas content (see., e.g., the discussion in Athanassoula et al.
2013). More generally, the fact that the majority of local
spirals have fgas & 0.1 (Figure 2) and that the observed bar
fraction is roughly constant from values of fgas ∼ 0.01 to 1
suggests that high gas content cannot be very effective in
suppressing bar formation or growth over long time periods
– unless any gas-driven delay is short enough that essentially
all galaxies have already passed through it and formed their
bars.
Only for very high gas mass fractions is there some evi-
dence for an effect: as can be seen in the lower-right panel of
Figure 5, the fraction of strong bars declines rather steeply
for fgas & 1, while the fraction of weak bars goes up. This
gas-mass-fraction level is higher than that explored in most
bar simulations.
7 SUMMARY
In order to investigate how the local frequency of bars in spi-
ral galaxies depends on galaxy mass and other properties, I
constructed distance- and mass-limited subsamples of low-
inclination (i 6 65◦) spiral galaxies from the Spitzer Sur-
vey of Stellar Structure in Galaxies (S4G), using bar iden-
tifications and measurements from Herrera-Endoqui et al.
(2015) and stellar masses from Mun˜oz-Mateos et al. (2015).
I included colour and neutral-hydrogen measurements from
HyperLeda and computed V/Vmax weights to correct for the
angular-diameter limit of S4G; for the colours, I also com-
puted Btc-based weights to correct for colour incomplete-
ness in the HyperLeda data. The resulting subsamples in-
clude 851 galaxies with D 6 30 Mpc and 659 with D 6 25
Mpc; the latter is the main subsample analyzed in this pa-
per. Applying stellar-mass limits yields 638 galaxies with
log (M?/M) > 9 and D 6 30 Mpc, or 574 galaxies with
log (M?/M) > 8.5 and D 6 25 Mpc.
The main findings of this analysis are the strong de-
pendence of bar frequency on stellar mass and the absence
of any clear dependence on galaxy colour or gas content.
More specifically, the bar frequency in S4G galaxies peaks
at log (M?/M) ≈ 9.7 with a value of fbar = 0.70 and de-
clines to both lower and higher masses. On the other hand,
fbar is roughly constant as a function of g− r colour (or
perhaps declining to redder colours, though this trend is
not statistically significant) over the range g−r ≈ 0.1–0.8,
and is also roughly independent of H i gas mass fraction
(fgas = MHi/M?).
These fbar trends differ quite strongly from most studies
using large SDSS-based samples (typically at z = 0.01–0.5),
which tend to find that fbar increases strongly toward higher
masses (peaking at log (M?/M) ∼ 11), redder colours, and
lower values of fgas. The SDSS-based fbar values are almost
always significantly lower than the S4G galaxies, except for
the highest stellar masses and reddest colours.
I argue that this discrepancy between very local (S4G)
and SDSS-based bar fractions can be explained primarily by
a combination of two factors:
(i) Differences in effective spatial resolution due to dif-
ferences in galaxy distances. Galaxies that are further away
have bars that are harder to detect, given the finite angular
resolution of images. The effective spatial resolution of S4G
is ∼ 0.17 kpc at the mean distance (17 Mpc) of the D 6 25
Mpc subsample, assuming an angular FWHM of ≈ 2′′. The
equivalent for typical SDSS-based studies (mean redshift
∼ 0.045, typical FWHM ∼ 1.4′′) is ∼ 1.3 kpc. A plausi-
ble angular-size limit for bar detection is aobs ∼ 2×FWHM,
which makes the mean linear-size limits ∼ 0.33 kpc for S4G
and ∼ 2.5 kpc for typical SDSS-based surveys.
(ii) The dependence of bar size on galaxy stellar mass
(and, less directly, on colour and gas content). Bar size is
correlated with stellar mass (in a bimodal fashion, with a
steeper relation for log (M?/M) & 10.2); bar sizes also ex-
hibit significant scatter around the mean value for a given
stellar mass.
The result is that bars in high-mass (red, gas-poor) galax-
ies are easier to find because they are larger. The effective
resolution of the Spitzer images of S4G D 6 25 Mpc sub-
sample is good enough so that almost all bars have observed
semi-major axes – including projection effects – larger than
2×FWHM and can thus be detected, even for quite low stel-
lar masses. But for distances typical of SDSS-based surveys,
bar sizes start to drop below 2 × FWHM for stellar masses
log (M?/M) . 10.7. The dispersion of bar sizes means that
significant numbers of bars can be missed even though the
mean bar size might still be above the resolution limit.
Comparison of the observed sizes of bars from GZ2, as
tabulated by Hoyle et al. (2011), with sizes for S4G galaxies
supports this general argument. GZ2 and S4G bars have
similar sizes at very high masses (log (M?/M) ∼ 11); but
as one goes to lower masses, the average for S4G bars falls
below that of GZ2 bars, until by log (M?/M) ∼ 10.2, the
average S4G bar is smaller than ∼ 90% of GZ2 bars. This is
a clear indication that GZ2 is systematically missing smaller
bars at lower masses, which will mean a lower apparent bar
fraction. (The bars that are being missed are not a separate
population of “nuclear” bars, but simply the lower end of the
distribution of normal galactic bars.)
An additional bias applies to SDSS-based studies using
fgas (Masters et al. 2012; Cervantes Sodi 2017), because only
galaxies with enough gas to be detected by ALFALFA were
included in the samples. This means that galaxies with high
gas mass fractions tended to be observed out to larger dis-
tances than galaxies with low gas mass fractions. Gas-rich
galaxies thus had, on average, larger distances and therefore
lower spatial resolution, making their bars harder to identify.
To see if the specific fbar trends of typical SDSS-based
studies could be explained by these effects, I simulated SDSS
observations by constructing mock samples using sampling
with replacement from S4G galaxies with D < 30 Mpc, plac-
ing the galaxies at random (volume-weighted) redshifts be-
tween 0.01 and 0.05; fbar was then computed by assum-
ing that bars with observed sizes less than twice the typical
SDSS FWHM were not detected. This did an excellent job
of reproducing the reported fbar-log (M?/M) trend from
GZ2 studies, and at least partly reproduced the reported
fbar-log fgas trends of Masters et al. (2012) and Cervantes
Sodi (2017).
The absence of a clear trend between bar presence and
gas content in local galaxies casts doubt on models in which
bar formation is suppressed by high gas fractions in the disc,
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unless any such suppression is temporary only, and ended
significantly before the present epoch.
Finally, I note that differential detection effects due to
bar-size correlations and changing distances could also affect
high-redshift studies of the bar fraction, since even HST ’s
resolution is not good enough to prevent smaller bars from
being missed, especially at higher redshifts. The apparent
decrease in fbar reported for high-redshift samples – and the
reported trends of fbar increasing to higher stellar masses
over the range log (M?/M) ∼ 10–11 at high redshifts –
could also be influenced by secular changes in bar size: since
most theoretical studies argue that bars grow in length over
time, bars at higher redshifts would be smaller in size, and
thus even harder to detect. Simulations similar to those done
for the SDSS-based studies suggest that the combination of
changing resolution and growth in bar sizes could account
for at least some – though probably not all – of the reported
evolution of bar fractions with redshift.
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APPENDIX A: GALAXY COLOURS
A1 Correcting for Incompleteness in Galaxy
Colours
The HyperLeda (B−V )tc colours are the largest set of ho-
mogeneous, whole-galaxy colours available for very nearby
galaxies such as those in the S4G sample. (SDSS colours
are available for many more galaxies in general, but the sky
coverage is limited and very nearby galaxies are prone to
suffer from the “shredding” effect, so that they do not have
accurate SDSS magnitudes or colours – see, e.g., Consolandi
et al. 2016). Even so, the HyperLeda colours are highly in-
complete: about half of the galaxies in the S4G sample do
not have such colours. What is potentially worse is that the
incompleteness is not random; as Figure A1 shows, it is a
strong function of apparent magnitude.
To correct for this incompleteness, I weight individ-
ual galaxies in colour-based analyses by the inverse of their
apparent-magnitude-based colour completeness. To generate
these weights, I model the observed completeness of (B−V )tc
values as a function of Btc using a cubic Akima spline in-
terpolation,10 as provided in the Scipy interpolate module
10 Akima splines provide a smoother interpolation, with less ring-
ing between data points, than do a standard cubic splines.
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Figure A1. Completeness of (B−V )tc colours from HyperLeda
for the S4G sample as a function of apparent blue magnitude
Btc for the two distance-limited subsamples (black, red). The
dashed black line shows the spline interpolation (to the D 6 30
Mpc subsample) used to generate galaxy weights for colour-based
analyses.
(curve in Figure A1). To allow the interpolation to asymp-
tote smoothly to zero for faint Btc values (and thus avoid
potentially infinite weights for very faint galaxies), I added
two artificial points at Btc = 16 and 17. Since only ∼ 1% of
the sample galaxies are fainter than Btc = 15.5, the effect is
minimal.
In Section 3.2, I compute the S4G bar fraction as a
function of g− r colour, since the latter makes for a di-
rect comparison with previously published SDSS bar stud-
ies (e.g., Barazza et al. 2008; Masters et al. 2011, 2012).
The g−r colours are based on the (B−V )tc colours, using
the empirical, galaxy-based transformations of Cook et al.
(2014), which work out (from their Table 3) as g− r =
1.12 (B−V )− 0.18.
A2 Bar Fractions as Function of B−V
To test whether the colour transformation from B−V to g−r
introduces any significant biases, I plot the bar fraction as
a function of (B−V )tc in Figure A2. Comparison with the
bar fraction as a function of g−r (middle panels of Figure 5)
shows that the basic relation is unchanged: bar fraction is
approximately constant across a broad range of colour, with
some weak evidence for a decrease in the bar fraction for
redder galaxies.
APPENDIX B: COMPARISON OF RESULTS
FOR ALTERNATE SUBSAMPLES
B1 Subsample 2 versus Subsample 1
Most of the analysis in this paper uses S4G galaxies from
Sample 1 (D 6 25 Mpc) or the mass-limited Sample 1m
(D 6 25 Mpc and log (M?/M) > 8.5). In this section,
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Figure A2. Left: Fraction of disc galaxies with bars as a function of total, extinction-corrected B−V colour for S4G galaxies in
Samples 1m (black) and 2m (red). Right: Fractions of disc galaxies with strong (black) and weak (cyan) bars as a function of total,
extinction-corrected B−V colour for Sample 2m (D 6 30 Mpc, log (M?/M) > 9). These should be compared with the plots of bar
fraction versus g−r colour in the middle panels of Figure 5.
I compare the effects of using Samples 2 (D 6 30 Mpc)
and 2m (D 6 30 Mpc and log (M?/M) > 9). Figure B1
is equivalent to Figure 5, except that bar frequencies using
both samples are plotted against log (M?/M), g−r, and
fgas; frequencies based on Samples 2 or 2m are plotted using
hollow circles. The overall trends are the same in all cases,
with significant differences between the samples only in the
bluest or reddest g−r bins, where the number of galaxies
is very small. For comparison, the bar fractions reported by
Dı´az-Garc´ıa et al. (2016a) based on their complete sample
– the basis for the Parent Disc Sample of this paper – are
plotted using gray squares.
B2 Bar Fraction in S0 Galaxies
Figure B2 shows the effects of excluding or including S0
galaxies in the sample, as well as the bar frequency (as a
function of stellar mass) for just the S0 galaxies. The red
points (left-hand panel) are the standard Sample 1 fbar trend
for spiral galaxies, identical to the trend in the upper left
panel of Figure 5. Adding the S0 galaxies to Sample 1 pro-
duces a flatter trend for log (M?/M) > 9.5 (orange points).
The right-hand panel compares the stellar-mass distribu-
tions of the spirals and the S0s in the Parent Disc Sample.
In contrast to the spirals, whose mass distribution peaks at
around 109M, the S0 distribution peaks at ∼ 1010M;
this helps explain why including the S0s mainly affects the
higher-mass side of the fbar trend in the left-hand panel.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. As for Figure 5, with filled circles showing bar frequencies for Samples 1 (top row) or 1m (middle and bottom rows), but
also showing bar frequencies for Samples 2 or 2m using hollow circles. Points for Samples 2 and 2m are slightly offset along the horizontal
axes to make comparisons easer. For clarity, bar frequencies from other studies are not shown (see Figure 5); however, the upper-left
panel does include the published bar frequencies for the parent sample as they appear in Fig. 19 of Dı´az-Garc´ıa et al. (2016a). Note that
Sample 2m does not have enough galaxies in the highest-fgas bins for bar fractions to be calculated there (bottom panels).
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Figure B2. Left: Bar fraction as a function of stellar mass for Sample 1 spirals (red circles, same as in Figure 5), spirals + S0
galaxies with same distance limit (open orange circles), and S0 galaxies alone (open grey diamonds). The flatter values of fbar between
log (M?/M) ∼ 9.5 and 10.5 for the spirals + S0s sample compared to the pure-spirals sample is due primarily to the very low fbar values
for S0 galaxies between log (M?/M) ∼ 9.5 and 10 and secondarily to the spike in S0 fbar for log (M?/M) ∼ 10.5. Right: Distribution
of stellar masses for spirals in Sample 1 (blue) and for S0s meeting same criteria (red).
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